Introduction
In complicated thoracic aortic surgeries using cardiopulmonary bypass (CPB), circulatory arrest is needed to obtain a bloodless surgical field (1) . During circulatory arrest, either selective cerebral perfusion (SCP) or retrograde cerebral perfusion (RCP) with deep hypothermia is performed for cerebral protection (2) . SCP is employed in many institutions but requires extra arterial cannulation and, in some cases, an extra arterial pump; thus, it is relatively complicated and time-consuming (3). In contrast, RCP can be instituted easily just by clamping the venous drainage tube of the inferior vena cava (IVC), snaring the superior vena cava (SVC) cannula, and counter-rotating the CPB pump (4) . However, this method is associated with two major concerns: insufficient cerebral oxygen supply (5) and cerebral edema with increased intracranial pressure due to high venous pressure (6) . Cerebral edema caused by RCP has been found in animal models (6,7) but not specifically in humans. Because the intracranial space is limited by the cranium, cerebral edema can cause pressurization of the non-parenchymal area, vessels, and cerebral ventricles. When intracranial vessels are pressurized from the outside, their vascular resistance increases (8, 9 ).
In the current study, Doppler echocardiography was used to evaluate the carotid arteries to determine whether cerebral vessel resistance increases after RCP. Intra-operative transesophageal echocardiography (TEE) was performed during the surgeries except where contraindicated. Carotid artery flow was detected with a TEE probe at the pharynx (10, 11) . In some patients, blood flow was followed distal to the carotid Original Article bifurcation between the ICA and ECA. The peak systolic velocity (PSV), end-diastolic velocity (EDV), and mean velocity (MV) were measured using pulsedwave Doppler ultrasound (12, 13) . The pulsatility index (PI) and resistance index (RI) are known to reflect vascular resistance distal to the position where the Doppler signal is received (14, 15) . PI is calculated as (PSV-EDV)/MV and RI as (PSV-EDV)/PSV. PI and RI were used to determine whether signs of increased cerebral vascular resistance were present after RCP.
Materials and Methods

Patients
This study was approved by the internal review board of the University of Tokyo Hospital. Informed consent was waived because of the retrospective nature of the study. Written informed consent for intra-operative TEE was obtained preoperatively. Data used were from carotid artery Doppler flow studies of 32 adult patients who underwent cardiovascular surgery at this institution between July 2008 and October 2010.
Data collection
Baseline Doppler data were collected when the TEE probe was inserted into the patient's esophagus. Post-CPB Doppler data were obtained just before the TEE probe was withdrawn from the patient's esophagus at the end of surgery. The carotid arteries were evaluated whenever they were easily visualized at the time of probe insertion and withdrawal to ensure that no pathology in these vessels was missed before surgery and that no new lesion was present after the surgery. The carotid artery was identified on one side or the other and traced peripherally towards the carotid bulb using color flow Doppler imaging. After the bifurcation at the carotid bulb, the vessel with flow parallel to the Doppler beam was the ICA, and the vessel with flow at an oblique angle to the Doppler beam was the ECA (11) . Blood flow in the ICA and ECA was recorded Using pulsed-wave Doppler. At least three consecutive heartbeats were recorded and the average PI and RI calculated. Heart rate (HR), mean arterial blood pressure (MAP), hematocrit, and PaCO 2 were also recorded at the time of the Doppler measurements. Data from patients who were not in sinus or atrial pacing rhythm were excluded from analysis. RCP was used in all cases in which deep hypothermic circulatory arrest (DHCA) was employed (group 1). When the tympanic temperature reached 18°C, CPB pump flow was stopped and the aortic aneurysm opened. RCP was performed by perfusing oxygenated blood through the SVC cannula as the IVC cannula was occluded and the SVC snared (16) . The CPB flow rate was adjusted and periodically changed from 150 mL/min to 800 mL/min every 30 sec to vary the SVC pressure from 25 mmHg to 35 mmHg. This is designated 'RCP with intermittent pressure augmentation (IPA-RCP)' (17, 18) and was used in all RCP cases. The target for the lowest rectal temperature during regular CPB without DHCA (group 2) was 32°C. In both groups, general anesthesia was induced with 5 mg/kg thiopental and 2 mcg/kg fentanyl, and end-tracheal intubation was facilitated with 0.1 mg/kg vecuronium. Anesthesia was maintained with 1% to 2% of sevoflurane and supplemental fentanyl. No additional medication for neuroprotection was given. The α-stat method of pH control was used in all cases. At the time of aorta crossclamp release, low doses of catecholamine (dopamine 3-5 mcg/kg/min) and vasodilators (nitroglycerin 0.3-0.5 mcg/kg/min, nicardipine 0.5-1 mg/h) were started and continued until after the patients were transferred to the intensive care unit.
Bilateral cerebral oxygen saturation (ScO 2 ) was monitored continuously in all patients using near infrared spectroscopy (NIRO 200, Hamamatsu Photonics, Hamamatsu, Japan). ScO 2 values usually decrease during CPB and return to pre-operative values after termination of CPB. The change from the baseline, when initial PI and RI data were collected, was calculated for the minimal value during CPB and for the value at the end of surgery, when post-CPB PI and RI data were collected. The presence of postoperative delirium was determined by reviewing patient records from the intensive care unit after surgery.
Statistical analysis
Analysis of variance (ANOVA) with the Best-Hsu's MCB test was used to compare groups 1 and 2. Wilcoxon matched-pair sign-rank tests were used to compare the baseline and post-CPB values in each group.
Results
Patient demographics
The mean patient age was 65.3 ± 17.5 years. Of the 32 patients, 22 (69%) were male. Twenty-two patients underwent thoracic aortic surgery (n = 15 in group 1 and n = 7 in group 2). Ten patients underwent valve surgery with regular CPB (n = 15 in group 1 and n = 17 in group 2). Operating time, CPB time, and the total amount of fentanyl did not differ in groups 1 and 2 (Table 1) . In both groups, HR was higher and the bispectral index (BIS) was lower after CPB compared to the baseline, but MAP, hematocrit, endtidal sevoflurane, nasopharyngeal temperature, and PaCO 2 did not differ before and after CPB in either group or between the two groups ( Table 2 ). The doses than that in patients who did not experience delirium (Table 4) . Moderate correlations were found between RCP time and increased ICA PI and RI ( Figure 2 ). In group 2, the PI/RI of the patients who experienced delirium did not differ from the PI/RI of the patients who did not experience delirium.
ScO 2 changes
The average change in right and left ScO 2 from the baseline to the minimum value during CPB was significantly larger in group 1 than in group 2, but it did not differ between the two groups from the baseline to the end of surgery (Table 5) . In group 1, the average change in right and left ScO2 from the baseline to the minimum value during CPB did not differ between patients who experienced delirium and patients who did not (39.2 vs. 34.4%, p > 0.05). No correlation was found between the extent of the increase in PI/RI and the average change in ScO 2 from the baseline to the minimum value during CPB in group 1.
Discussion
In the present retrospective study, the PI and RI of the ICA, but not of the ECA, increased after CPB when DHCA with RCP was used. As the PI and RI are known to reflect resistance distal to the measurement point (14, 15) , results indicated that DHCA with RCP, but not regular CPB without DHCA, increases the resistance of cerebral vessels distal to the ICA.
Cerebral blood flow and cerebrovascular resistance are affected by many factors, including cerebral electrophysiological activity, MAP, hematocrit, PaCO 2 , temperature, anesthetics, catecholamines, and vasodilators (20) (21) (22) (23) . BIS decreased during C P B , p o s s i b l y r e f l e c t i n g r e d u c e d c e r e b r a l electrophysiological activity. Such activity can reduce cerebral blood flow and increase cerebrovascular resistance. The increase in HR after CPB may have of catecholamine and vasodilators administered in the operating room did not differ for the groups.
PI and RI of ICA and ECA
The baseline PI and RI of the ICA did not differ between groups 1 and 2, but the post-CPB PI and RI of the ICA were higher in group 1 than in group 2. In the ECA, neither the baseline indices nor post-CPB PI and RI differed between the two groups. In group 1, the PI and RI of the ICA increased significantly after CPB compared to the baseline, but in group 2 the indices did not change after CPB. The PI and RI of the ECA did not change significantly after CPB in either group (Table 3, Figure 1 ). No patient suffered permanent neurological damage after the procedure. However, eight patients (four in each group) had temporary postoperative delirium while in the intensive care unit. Patients who experienced delirium were significantly older (75.0 vs. 61.4 years old, p < 0.05) than patients who did not experience delirium. The operating time, CPB time, hematocrit, MAP, ScO 2 , and BIS did not differ between the patients who experienced delirium and patients who did not. In group 1, the patients who experienced delirium tended to be older (68.8 vs. 58.0 years, p > 0.05) and have a longer RCP time (37.8 vs. 87.5 min, p < 0.05) than the patients who did not experience delirium. Patients with delirium tended to have a higher post-CPB PI and RI of the ICA, and the increase in the PI and RI of the ICA after CPB was significantly higher affected the PI and RI, but the similar changes in BIS and HR in both groups do not explain why the PI and RI of the ICA increased only in group 1. Similar doses of fentanyl, catecholamine, and vasodilators were given to patients in both groups, so they should not have affected the groups differently. In addition, MAP, hematocrit, PaCO 2 , end-tidal sevoflurane, and nasopharyngeal temperature did not differ between the baseline and the end of surgery. Thus, the increase in cerebrovascular resistance after DHCA with RCP was a result of some other factor(s). One explanation is that DHCA with RCP may have increased the basic tone of the vessels. If vessels become hypercontractile, the PI and RI of the ECA would be similarly affected by the elevated capillary pressure. Since the indices did not change significantly after CPB in group 1, increased vascular tone is not likely to be a major mechanism. Another possible explanation is an increase in perivascular interstitial pressure around the vessel. During RCP, the SVC pressure was increased up to 35 mmHg. With this high pressure, fluid extravasation probably occurs from the venous lumen through the vessel wall into the extravascular space. Because the intracranial space is limited, extravasation of fluid into the cerebral parenchyma would cause an exaggerated increase in the perivascular pressure and compress the extraparenchymal arteries and parenchymal arterioles, which are major resistance vessels (24, 25) . This scenario would lead to increased PI and RI in the ICA. DHCA with RCP could also have caused edema in the extracranial tissue, but unlike the intracranial space, the extracranial space is not limited by the cranium. Thus, tissue edema would not pressurize the arteries and arterioles and the PI and RI of the ECA would not increase.
Four of the five patients who had a RCP time of more than one hour experienced postoperative delirium. Moreover, four of the five patients whose PI increased more than 50% after DHCA with RCP experienced postoperative delirium. This finding indicates that increased perivascular pressure may play some role in causing delirium after DHCA with RCP. RCP causes cerebral edema in animal models (6, 7) . Although this trend has not been verified in humans, a central venous pressure (CVP) as high as 35 mmHg is speculated to cause extravasation of fluid from intracranial blood vessels. In both groups, the patients who experienced delirium tended to be older. Patient age has been shown to be an important factor in the occurrence of delirium after cardiac surgery. Other factors associated with postoperative delirium include renal impairment, chronic lung disease, extracardiac arteriopathy, poor mobility, and electrolyte disturbances (26) . In the present retrospective study, RCP duration tended to be longer for older patients. Most likely, patient age and other factors, and not the increased perivascular pressure itself, were the major causes of postoperative delirium. ScO 2 was monitored with near infrared spectroscopy in all cases. A number of studies have shown that RCP may not provide enough oxygen to the brain during DHCA (27) (28) (29) (30) , which is consistent with the current findings although the two groups had a similar incidence of postoperative delirium. In group 1, the decrease in ScO 2 during CPB was not related to the occurrence of postoperative delirium. Thus, cerebral ischemia during DHCA with RCP may not be a major cause of postoperative delirium. No patient underwent DHCA without RCP because performing DHCA without any measure aimed at providing oxygen to the brain is not standard practice. As selective antegrade cerebral perfusion was not performed at this institution during the period studied, data on this method are not available.
The PI and RI data for the ICA and ECA were collected from only some of the patients who underwent intra-operative TEE. Some patients had a high bifurcation of the ICA and ECA and each vessel could not be followed with the TEE probe. In addition, only one side of the carotid artery could be examined in some patients, which was probably due to the acoustic effect of the endotracheal tube. Therefore, the laterality of the change could not always be assessed.
Doppler flow data can be obtained for the ICA and ECA by transcutaneous carotid artery sonography rather than a TEE probe, but using a hand-held probe under all the surgical drapes and instruments is cumbersome and carries the risk of contaminating the sterile surgical field. In addition, checking the carotid artery flow intra-operatively, especially during aortic arch surgery, has other advantages, such as the detection of carotid malperfusion during CPB, finding a carotid dissection resulting from aortic cannulation, and confirming that debris is not flowing distally in the carotid artery at the time of aortic manipulation (31) . Such intra-operative carotid monitoring can also be used during cannulation of the internal jugular vein (32) . The current study suggests that monitoring carotid artery flow could also be used to detect potentially abnormal cerebrovascular dynamics.
In conclusion, the PI and RI of the ICA, but not of the ECA, increased after DHCA with RCP. These indices did not change after regular CPB without DHCA. Because the PI and RI are indicators of vascular resistance distal to the measurement site, these results indicate that cerebral vascular resistance increases after DHCA with RCP but does not change after regular CPB. This phenomenon can be explained by increased perivascular pressure, which potentially contributes to delirium after cardiac surgery with DHCA and RCP.
